kg suspension in 1% carboxymethyl cellulose. Mice were euthanized between 5 min to 24 h after dosing, and plasma and tissues were analyzed by LC-MS. Non-compartmental PK parameters were determined. Results Of the four triazolothiadizine analogues evaluated, UPCDC-10205 was metabolically most stable. The maximum soluble dose of 4 mg/kg in 10% Solutol™ was not toxic to mice after single and multiple doses. PK analysis showed extensive tissue distribution and rapid plasma clearance. Bioavailability was ~5%. A direct glucuronide conjugate was identified as the major metabolite which was recapitulated in vitro. Conclusions Rapid clearance of UPCDC-10205 was thought to be the result of phase II metabolism despite its favorable stability in a phase I in vitro metabolic stability assay. The direct glucuronidation explains why microsomal stability (reflective of phase I metabolism) did not translate to in vivo metabolic stability. UPCDC-10205 did not demonstrate appropriate exposure to support efficacy studies in the current formulation.
Introduction
Signal transducer and activator of transcription 3 (STAT3) has been implicated in most cancer types including head and neck cancer [1] [2] [3] [4] [5] [6] . Head and neck squamous cell carcinoma (HNSCC) accounts for 90% of diagnosed head and neck cancers [2] . HNSCC is the sixth most common cancer with approximately 46,000 Americans diagnosed and 8600 Americans dying from the disease annually [2, 7] . Patients diagnosed with recurrent or metastatic HNSCC currently have no curative options [8] . There has been an urgent and unmet need, especially in cases of recurrent and metastatic disease, to identify new chemotherapeutic options for HNSCC.
STAT3 has been found to be constitutively active in HNSCC cell lines and tumors [1, 6] . Aberrant STAT3 activation can lead to the initiation, development and metastasis of cancers by misregulating the genes and proteins needed to overcome cancerous progression barriers [1, 3, 5, 9, 10] . STAT3 activation has been labeled an oncogene and can lead to the initiation, development and metastasis in cancer by regulating functions such as cellular proliferation, cell cycle progression, apoptosis, angiogenesis, immune invasion, survival, inflammation, invasion and metastasis [1, 3, 4, 9, 11, 12] . The role of STAT3 as a point of convergence for multiple cancerous pathways has made it an attractive target for the development of new chemotherapeutic therapies.
Development of therapies targeting STAT3 should consider specificity. STAT3 is part of a seven-member protein family that are structurally similar and act as cytosolic signal transducers and transcription factors that regulate gene transcription [1, 4, 5, 13] . The member STAT1 acts a tumor suppressor, and this function should be preserved [4, 14] . A growing body of evidence has implicated IL-6 as a prominent activator of STAT3 in HNSCC [1, 6] . Based on three hits identified in a high-content screening (HCS) campaign that selectively inhibited IL-6-induced pSTAT3 activation over IFNγ-induced pSTAT1 activation and inhibited HNSCC tumor cell line growth in vitro [15, 16] , the 1,2,4-triazolo- [3,4-b] thiadiazines were selected for further chemical optimization [17] . Our goal was to identify a lead candidate for in vivo examination among four analogues through mouse liver microsomal incubations and evaluate the toxicity, pharmacokinetics and metabolism, and ultimately efficacy studies in mice.
Materials and methods

Chemicals and solvents
Compounds UPCDC-10205, UPCDC-10305, 864669 and UPCDC-10540 (see Fig. 1a for structures) were synthesized and provided by the University of Pittsburgh Chemical Diversity Center (Pittsburgh, PA) [17] . The internal standard 2 H 7 -UPCDC-10205 ([ 2 H 7 ]-3-(3-(4-chlorophenyl)-1H-pyrazole-5-yl)-6-(4-methoxyphenyl)-7-methyl-7H- [1, 2, 4] triazolo [3,4-b] [1, 3, 4] thiadiazine) was custom-synthesized and purchased from ALSACHIM (Illkirch-Graffenstaden, France). Water and acetonitrile (both HPLC grade), formic acid, monobasic and dibasic potassium phosphate, tris and DMSO were obtained through Fisher Scientific (Fairlawn, NJ). Bovine serum albumin (BSA), NADPH, carboxymethylcellulose, UDPGA, MgCl 2 , alamethicin and formic acid were purchased from Sigma-Aldrich (St. Louis, MO). Solutol™ HS15 was a gift from BASF (Florham Park, New Jersey).
Microsome incubation and LC-MS analysis
Microsomes were prepared and isolated from livers of heterozygous athymic nude-Foxn1 nu /Foxn1 + female mice as previously published [18] . The microsomal pellet was stored at −80 °C until measurement of protein concentration using a protein assay kit from BioRad (Hercules, CA) with BSA as the standard. Absorbance readings were recorded at 630 nm using an Infinite M100 Pro plate reader from Tecan (Männedorf, Switzerland). Actual incubation volumes were adapted from the published method to allow for a 200-µL incubation volume.
The 200-µL incubation contained 0.5 mg/mL microsomal protein, 1000 ng/mL drug concentration, 1 µM NADPH, 0.1 M phosphate buffer (pH 7.4) and <0.1% acetonitrile. The incubation was terminated with 1.0 mL acetonitrile. Sample times (point of organic reaction termination) were performed in triplicate at 0 (acetonitrile added prior to addition of microsomes), 15, 30, 45, 60 and 90 min. LMP400 (0 and 90 min incubations) was used as a positive control. Respective internal standard (10 µL of 1.0 µg/mL) of either UPCDC-10540 or UPCDC-10205 was added to samples, followed by briefly vortexing using a Vortex Genie-2 (VWR International, Radnor, PA) set at 8 and storage at −80 °C until LC-MS analysis.
An LC-MS method was developed to simultaneously quantitate the four STAT3 inhibitor analogues. Two separate MS methods (using identical LC-MS conditions) were utilized. Compound UPCDC-10540 was used as an internal standard to quantitate compounds 864669, UPCDC-10305 and UPCDC-10205. Compound UPCDC-10205 was used as an internal standard to quantitate compound UPCDC-10540.
The HPLC method utilized an Agilent 1100 autosampler and Agilent 1100 binary pump (Agilent Technologies, Palo Alto, CA) with a Synergi Hydro-RP 80A (4 µm particle size, 2 mm × 100 mm) column at ambient temperature. Mobile phase solvent A was 0.1% formic acid (v/v) in acetonitrile, and mobile phase solvent B was 0.1% formic acid (v/v) in water. The initial mobile phase was composed of 55% solvent A pumped at 0.3 mL/min for 5.0 min, changed to 99% solvent A and was held there for 1.0 min. At 6.1 min the percentage of solvent A returned to initial conditions of 55% for 4 min followed by injection of the next sample. Calibrators (30, 100, 300, 500 and 1000 ng/mL) were prepared in a 0.1 M phosphate buffer (pH 7.4) that contained 0.5 mg/mL BSA to match the protein concentration of the microsomal incubation samples. A volume of 0.2 mL of the buffer mixture was placed into a 1.5-mL microcentrifuge tube. An internal standard solution (10 µL of 10 µg/mL) was added to each tube before being briefly vortexed. A volume of 1.0 mL of acetonitrile was then added and the samples vortexed for 1 min. Samples were centrifuged at 14,000×g for 4 min. The dried supernatant was resuspended in 100 µL of starting condition mobile phase. The sample injection volume was 5 µL. The regression was weighted 1/y 2 and fit quadratically (y = a + b × x + c × x 2 ). A triplicate standard curve was prepared and analyzed for accuracy (−9.5 to 6.0%) and precision (CV < 10.1%) prior to sample analysis.
Mice
Specific pathogen-free heterozygous Foxn1 nu /Foxn1 + mice (5-7 weeks of age) were purchased from Envigo (Indianapolis, IN, USA). Mice were allowed to acclimate to the University of Pittsburgh Animal Facility for at least 1 week before studies were initiated. To minimize exogenous infection, mice were maintained in microisolator cages and handled in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011) and on a protocol approved by the University of Pittsburgh IACUC. Ventilation and airflow in the animal facility was set to 12 changes/h. Room temperature was regulated at 72 ± 4 °F, and the rooms were kept on automatic 12-h light/dark cycles. The mice received Prolab ISOPRO RMH 3000, Irradiated Lab Diet (PMI Nutrition International, Brentwood, MO) and water ad libitum. Mice were fasted overnight prior to administration of UPCDC-10205. Mice were stratified based on body weights into dose or time point groups to eliminate statistical differences in body weight.
Toxicity studies
The vehicle 10% Solutol™ HS15 in sterile water provided the maximum solubilized concentration of UPCDC-10205 at 0.4 mg/mL and was administered to mice at a volume of 0.01 mL/g body weight. Mice were dosed IV at 4 mg/kg using this solution for toxicity studies. Other formulations did not increase the maximum soluble dose.
A single dose of UPCDC-10205 (4 mg/kg, 0.01 mL/g body weight) was administered to both male and female mice (five per group) IV by lateral tail vein injection along with mice administered a vehicle control. After the single dose, mice were observed for a 14 day period to monitor clinical health, and body weights were recorded twice weekly. After the observation period, necropsies were performed on the mice to identify gross pathologies.
For the multiple-dose toxicity study, 5 female mice per treatment group were administered UPCDC-10205 daily for 5 days IV by lateral tail vein in addition to mice administered a vehicle control. UPCDC-10205 doses used were the single-dose MTD (4 mg/kg), 2/3 the single-dose MTD (2.7 mg/kg) and 1/3 the single-dose MTD (1.3 mg/kg). After the 5 day treatment, mice were observed for a 14 day period where clinical health was checked daily and body weights were measured twice weekly. After the observation period, mice were euthanized and necropsies performed on mice to identify gross pathologies.
Pharmacokinetics
Three female mice per treatment group per time point (5, 15, 30, 60, 120, 240, 360, 1440 min) were administered a single dose of 4.0 mg/kg UPCDC-10205 in 10% Solutol™ HS by either lateral tail vain IV injection or PO administration by oral gavage or 30 mg/kg PO administration in a suspension of 1% carboxymethyl cellulose (CMC). Control mice were treated with vehicle and euthanized at 5 and 1440 min. Mice were euthanized by CO 2 inhalation and the following tissues collected: blood, liver, kidney, spleen, lung, heart, fat, skeletal muscle and brain. Blood was collected by cardiac puncture using EDTA anticoagulated needles and syringes, transferred to microcentrifuge tubes and centrifuged at 12,000×g for 4 min to separate plasma and red blood cells (RBCs). Urine and feces were collected over ice from mice in 1440 min groups by gang housing the 3 mice/group in metabolic cages. Tissues were weighed and all samples were flash-frozen using liquid nitrogen and stored at −80 °C until analysis.
Quantitative LC-MS/MS assay
To support the murine PK study, a sensitive LC-MS/MS assay was developed to quantitate UPCDC-10205. A stable isotope, deuterated, 2 H 7 -UPCDC-10205, was used as the internal standard. The HPLC method utilized an Agilent 1100 binary pump and 1200 series autosampler (Santa Clara, CA). Chromatographic separation was achieved using a Phenomenex (Torrance, CA) Synergi Hydro-RP 80A column (4 µm particle size, 2 mm × 100 mm) at ambient temperature. Mobile phase solvent A was 0.1% formic acid (v/v) in acetonitrile, and mobile phase solvent B was 0.1% formic acid (v/v) in water. The initial mobile phase was composed of 50% solvent A pumped at 0.3 mL/min for 12.0 min, changed to 95% solvent A and was held constant for 4.0 min. At 16.1 min the percentage of solvent A returned to initial conditions of 50% and allowed to equilibrate for 2 min followed by an injection of the next sample. Total run time was 18 min. The retention times were 9.6 and 9.4 min for UPCDC-10205 and 2 H 7 -UPCDC-10205, respectively.
A Waters Quattro Micro-mass spectrometer (Milford, Massachusetts) was used in positive-ion MRM mode (4.5 kV capillary voltage, 30 V cone voltage, 450 °C desolvation temp.) to monitor m/z 437.0 > 304 for UPCDC-10205 and m/z 444.0 > 304.0 for the internal standard. The calibration curve had a range of 1 to 1000 ng/ mL (1, 3, 10, 30, 100, 300, 500, 1000 ng/mL) and was prepared fresh in control mouse plasma obtained from Lampire Biological Labs Inc. (Ottsville, PA). Calibrators were prepared from serial dilutions of UPCDC-10205 in DMSO from a 1.0 mg/mL UPCDC-10205 stock solution. Quality controls (QCs) were prepared in control mouse plasma at three concentrations (2.5, 30, 800 ng/mL). Two QCs at each level were analyzed alongside each sample batch.
The sample volume was 100 µL of plasma or tissue homogenate [homogenized with three parts PBS (v/g)].
All samples were spiked with 10 µL of 0.2 μg/mL of the 2 H 7 -UPCDC-10205 internal standard. Extraction and protein precipitation with 500 µL of acetonitrile, vortexing for 2 min set at eight, and centrifugation was followed by evaporating supernatants at 37 °C under a gentle stream of nitrogen.
Assay performance and stability was evaluated. A triplicate standard curve weighted 1/y 2 and fit linearly yielded accurate (−6.3 to 8.1%) and precise (CV < 8.3%) back-calculated data. The recovery of UPCDC-10205 at the QCM was 46.2% (CV 8.0%). Ion-suppression at the QCM was 8.2% (CV 6.6%). The effect of three consecutive −80 °C freeze/thaw cycles at QCM was acceptable with 111.5% recovery. The stability of UPCDC-10205 in plasma during sample preparation at QCM for 4 h at room temperature was 100.8%. Quantitation of UPCDC-10205 in kidney and liver tissue homogenates analyzed against a plasma calibration curve resulted in recoveries of 98.8-105.1% with CVs ranging from 2.3 to 7.4%.
The values quantitated for each of the three mice per time point were averaged to obtain a mean that served as the representative value for that time point. PK parameters (AUC 0−t , AUC 0-∞ , T 1/2 , V d , and V ss ) were derived through non-compartmental analysis using PK solutions (Summit PK, Montrose, CO).
Protein binding
To assess the level plasma protein binding of UPCDC-10205, a rapid equilibrium dialysis (RED) method (Thermo Scientific, Pittsburgh, PA) was used. Control mouse plasma was spiked at 1000 ng/mL using a stock prepared in DMSO (organic <0.1%). Four replicates of 200 µL from the spiked 1000 ng/mL plasma were placed into the RED insert placed within a Teflon plate, and 350 µL of PBS (pH 7.2) was aliquoted in the opposite side of the insert. The plate was placed on a shaker in an incubator at 37 °C for 4 h. After this time, both saline and plasma portions were isolated and stored at −80 °C until analysis. Quantitation was achieved by creating standard curve in a matrix of 1:1 PBS/plasma and prepared and analyzed using the quantitation LC-MS/ 1 3 MS assay. Samples were diluted with either PBS or plasma to match the calibrator matrix.
Metabolite profiling
To identify metabolites of UPCDC-10205, a series of LC-MS/MS methods were developed and utilized. Both plasma (IV 30 min 4 mg/kg) and urine (IV 0-6 h 4 mg/kg) from mice used in the PK study were separately evaluated and compared to their respective vehicle controls to identify unique traces in treated mouse samples. Unique traces were confirmed using a selected reaction monitoring (SRM) method that monitors specified ions. Unique trace potential metabolites were postulated by comparing the unique m/z trace to the parent UPCDC-10205 m/z (437).
Sample preparation was identical to the quantification method (see "Quantitative LC-MS/MS assay" section). The LC method was extended compared to the quantitative method to a run time of 75 min and used a gradient to spread out eluates using a Phenomenex Luna phenylhexyl column (3µ, 100 × 2.0 mm). Mobile phase conditions for mobile phase A (acetonitrile with 0.1% formic acid) increased from the initial 5-55% at 0.3 mL/min for 60 min. This composition was then at 55% for 5 min, then increased to 80% and held for 5 additional minutes until returning to initial conditions for equilibration during the final 5 min.
Full mass (MS) scans were conducted to obtain a total scan range of 400-900 m/z. MS parameters were identical to the quantification method, with the exception of collision voltage and collision gas being turned off.
Unique chromatographic peaks detected in urine or plasma were analyzed for their m/z trace composition. These m/z values were then used in an SRM MS method and the samples reanalyzed. To gain structural information, product ion scans (PIS) were used to identify sites of metabolic alterations using varying collision voltages (10, 20, 30, 40 , and 50 V). PIS fragments were compared to UPCDC-10205 fragmentation using ChemDraw (PerkinElmer, Waltham, MS).
The natural abundance of the stable isotope of 37-chlorine ( 37 Cl) is approximately 25%, and this was used to fingerprint UPCDC-10205 metabolites. Unique chromatographic peaks with m/z traces and m/z +2 were considered derived from UPCDC-10205.
In vitro metabolism
Microsomes were prepared and isolated from heterozygous Foxn1 nu /Foxn1 + female mice as described previously (see "Microsome incubation and LC-MS analysis" section). The microsomal pellet was stored at −80 °C until measurement of protein concentration using the Biorad assay using BSA as a standard. The incubation for glucuronide metabolism was adapted from a previously published method to allow for a 1000-µL incubation volume [19] . The incubation mixture contained 0.1 M phosphate buffer (pH 7.4), 0.25 mg/mL microsomal protein concentration, 25 µg/ mL alamethicin, 50 mM Tris-HCl, 10 mM MgCl 2 , and a 1000 ng/mL drug concentration. The reaction was catalyzed with the addition of 5 µM UPDGA. At 0, 15, 30, 45, and 60 min, 100 µL aliquots were sampled from the reaction mixture and 500 µL of acetonitrile added to terminate the reaction. Ten microliters of 1.0 µg/mL of the internal standard ( 2 H 7 -UPCDC-10205) was added to each sample. Samples were processed as described previously. Samples were analyzed twice along with a standard curve produced in phosphate buffer matrix (pH 7.4) with 0.25 mg/mL BSA. The first analysis used the qualitative SRM LC-MS assay to monitor a 613-m/z (437 + 176) glucuronide channel and the second used the quantitative MRM LC-MS assay to quantitate UPCDC-10205 substrate depletion. An incubation mixture without UPDGA cofactor was used as a negative control.
Results
Microsome incubation
For all microsome incubations, compound concentrations fell within the standard calibration curve range. Concentration values were expressed as a % of the average starting concentration (0 min), seen in Fig. 1b . UPCDC-10205 had the largest proportion of the starting amount remaining (79%) after 90 min compared to 14.1% for 864669, 12.3% for UPCDC-10305 and 32.9% for UPCDC-10540. Based on its superior metabolic stability, UPCDC-10205 was prioritized for in vivo experimentation.
Toxicity studies of UPCDC-10205
Single-dose administration of the maximum soluble dose of UPCDC-10205 at 4 mg/kg resulted in mice that appeared normal and similar to vehicle-dosed control mice with no apparent weight loss measured within the first 24 h after injection. During the 14-day observation period, all mice were healthy and gained weight (Fig. 2a) . Upon necropsy, no gross pathology was detected in any of the mice. One male had bite marks and local irritation on the skin between the scapulae where he had been bitten. The testes in this mouse were also smaller by about 30% compared to his cage mates, and his spleen weight was slightly elevated, most likely due to infection. All other male mice appeared normal. The maximum solubilized dose of 4 mg/kg was determined to be the maximum tolerable dose (MTD).
Because there were no obvious differences between sexes in both clinical observations and body weights between vehicle-treated and UPCDC-10205-treated mice, only female mice were used for the multiple-dose toxicity study. No signs or symptoms of toxicity were detected during the five-day treatment period or the 14-day observation period. All mice gained weight during the study and weights between treatment groups showed no statistical differences to the vehicle control group (Fig. 2b ). There were no signs of gross pathology upon necropsy.
Pharmacokinetics of UPCDC-10205
Plasma and tissue concentration versus time profiles are depicted in Fig. 3 , and pharmacokinetic parameters are listed in Table 1 . The plasma C max for IV administered UPCDC-10205 was 1707 ng/mL (±455 ng/mL) and occurred at the first observation of 5 min. Plasma UPCDC-10205 levels were below the lower limit of quantitation (LLQ) by the 6-h time point. The in vivo profile appears biphasic indicating two compartmental behaviors. The halflife in plasma was calculated to be 0.6 h and the AUC 0−t to be 1021 ng h/ml. AUC 0−inf was 1021 ng h/ml, clearance was 3.91 L/h/kg, V d was 3.4 L/kg, and V ss was 2.0 L/kg. The C max for orally administered UPCDC-10205 at 4 mg/ kg was 35.0 ng/mL and occurred at 0.5 h after administration. Plasma UPCDC-10205 concentrations were below the LLQ after the 2-h time point. The half-life was 0.8 h and oral bioavailability (using AUC 0−t ) was 5.2%. The C max for PO administered UPCDC-10205 at 30 mg/kg in 1% CMC suspension was 6.7 ng/mL and occurred at 1.0 h after administration. The half-life was 3.4 h, and the bioavailability was 0.3%. All tissues, including brain, exhibited higher levels of UPCDC-10205 than plasma indicating extensive tissue distribution.
UPCDC-10205 levels in pooled urine from the IV 4 mg/ kg mice represented 0.0011% of the total amount administered for 0-6 h collection and 0.0010% for 6-24 h collection. Levels in pooled urine from the PO 4 mg/kg mice represented 0.0077% of the total dose between 0-6 h. Quantitation of UPCDC-10205 in the 6-24 h as well as all urine samples from the PO 30 mg/kg in 1% CMC had concentrations below the LLQ.
The average from the 4 replicates in the plasma portion of the RED protein binding device was 1091 ng/mL, and the value detected in the saline buffer portion was below the 1 ng/mL assay LLQ at 0.2 ng/mL. These data result in a calculated protein binding of >99.91% (using the LLQ value) or approximately 99.98% (using 0.2 ng/mL).
Metabolite profiling of UPCDC-10205
MS scans (400-900 m/z) of urine (4 mg/kg IV 0-6 h pooled) and plasma (4 mg/kg IV 30 min) revealed a single unique peak at a retention time of 43.6 min that con- on its structure, direct glucuronidation of UPCDC-10205 is postulated to occur on one of the nitrogens of the pyrazole group, although only a single chromatographic peak was observed and the specific regioisomer was not determined (see Fig. 4c ). Samples from microsomal incubations focused on glucuronidation (addition of alamethicin and appropriate cofactors) were analyzed using the qualitative SRM LC-MS assay for the glucuronide (see "Metabolite profiling" section) and analyzed separately with the quantitative assay for UPCDC-10205 (see "Quantitative LC-MS/MS assay" section). The rate of metabolite formation is 0.068 response ratio/min/0.25 mg protein (Fig. 4b) . Measured concentrations of UPCDC-10205 were expressed relative to time 0. On average, only 67% remained after 60 min (Fig. 4b) . One of the postulated regioisomer possibilities of the glucuronide metabolite is shown in Fig. 4c .
Discussion
Our goal was to identify a lead candidate for in vivo examination. Four analogues from a series of triazolothiadiazines [17] were selected for liver microsomal screening, revealing that compound UPCDC-10205 was the most metabolically stable in the presence of phase I enzymes, with approximately 80% of the compound remaining after 90 min. UPCDC-10205 demonstrated efficacy in inhibiting pSTAT3 from IL-6 induction in a Cal33 cell line with an IC 50 of 2.2 µM [17] .
Neither single-nor multiple-dose UPCDC-10205 administrations to mice demonstrated signs of toxicity. The lack of toxicity may very well be due to the maximum soluble concentrations of UPCDC-10205, which limited the explored dose to 4 mg/kg or less. Other formulations were unable to achieve higher concentrations. Response ( Plasma pharmacokinetics showed a biphasic profile with a terminal half-life of 0.6 h. The peak plasma concentration of UPCDC-10205 after IV dosing of 1.7 µg/mL (4.0 µM) is in the cell media concentration range reported to be active in vitro [17] . However, higher concentrations and ability to maintain concentrations for prolonged periods of time would be desirable. UPCDC-10205 displayed very high plasma protein binding of >99.9%, yet, this did not prevent extensive tissue distribution. Highly perfused tissues, such as kidney, displayed a similarly early T max of 5 min indicating rapid distribution, at three times the exposure compared to plasma. Less perfused skeletal muscle experienced approximately 50% higher concentrations at a later T max of 15 min. Brain exposure was similar to skeletal muscle, demonstrating the ability of UPCDC-10205 to traverse the blood brain barrier.
Clearance after IV dosing at 3.9 L/h/kg was higher than reported for mouse liver plasma flow of 2.7 L/h/kg [20] . We found no evidence for phase I metabolism, and a single direct glucuronide was the only metabolite detected. The molecular weight of UPCDC-10205 (436 a.m.u) is above the reported threshold for rodent biliary excretion (250 a.m.u.), this route could have contributed to clearance, and this would need to be confirmed as bile was not collected in the current study. The human threshold (500-600 a.m.u.) is somewhat higher, suggesting that in humans this route of excretion may be less important [21] . Renal excretion did not appear to contribute significantly to clearance based on the amount excreted in urine (<0.1% of dose). Comparison of IV and PO pharmacokinetics revealed UPCDC-10205's poor bioavailability at 5.2%. Increasing the amount dosed by formulating UPCDC-10205 as a suspension did not increase the plasma exposure, though it did extend the duration of absorption somewhat with a later T max . The major factors affecting bioavailability are absorption and presystemic metabolism (first pass effect) [22] . The first pass effect may limit bioavailability of UPCDC-10205 by metabolism mediated by liver UGTs. Additionally, biliary excretion may further decrease bioavailability.
In vivo administration of UPCDC-10205 resulted in a shorter half-life and lower exposure than anticipated based on the first liver microsome stability study targeting susceptibility to oxidative biotransformation. Identification of the direct glucuronide metabolite as the only biotransformation product validates the prioritization of UPCDC-10205 in the original microsome incubation studies. However, although translatable, the liver microsomal incubation did not account for the direct glucuronidation of UPCDC-10205. In selecting a candidate, metabolic stability, in addition to in vitro potency, must be considered to yield efficacious leads in vivo [23, 24] . In vitro metabolic stability is used as a predictor for in vivo metabolic clearance because cytochrome P450 enzymes account for the metabolism of approximately 90% of all drugs [25, 26] . The 20% substrate depletion of UPCDC-10205 observed in the initial incubation did not account for the glucuronidation of UPCDC-10205, and the susceptibility of UPCDC-10205 to glucuronidation was demonstrated in the second microsome incubation, with UGTs depleting approximately 25% of UPCDC-10205 after 60 min. Although our prediction that UPCDC-10205 would be metabolically stable in vivo was not substantiated, the other analogues all contain the same pyrazole groups postulated as the site for direct glucuronidation and have the potential to generate similar metabolites. Not only would they have been similarly susceptible to glucuronidation, but they would be expected to be more susceptible to phase I metabolism than UPCDC-10205 based on the results from the first liver microsome incubation (Fig. 1) .
The nitrogen of the pyrazole group is able to be targeted by UGTs for conjugation. N-glucuronidation is largely accomplished through UGT isoforms 1A4 and 2B10, and the enzyme levels of these isoforms are higher in humans than in preclinical species [27] . Glucuronidation rate differences between species are variable and further complicate extrapolation of metabolic rates to human [28] . Furthermore, both UGT2B10 and 1A4 exhibit high variability in expression levels in an analysis of human liver samples [29] . These UGT enzymes exist primarily in the liver, but UGT1A4 expression has also been detected in kidneys [30] . Glucuronidation can also occur in intestinal microsomes, which could also contribute to decreased bioavailability [31] . Direct N-glucuronidation to pyrazole groups of small molecule drugs has been observed previously [32] [33] [34] [35] and has prompted the synthesis of modified analogues designed to decrease susceptibility to this metabolism [35] . The addition of electronegative groups to metabolically active heterocycles such as pyrazoles may decrease glucuronidation [36] . Similar alterations to UPCDC-10205 could potentially decrease metabolic clearance, increasing bioavailability, plasma half-life, and ultimately exposure. However, there are no data on what these structural changes might do to STAT3 activity.
While UPCDC-10205 demonstrated in vitro potency, selectivity, extensive tissue distribution and metabolic stability, the current studies indicate areas of future improvements for this series. Solubility, susceptibility to glucuronidation, and plasma protein binding have been identified as potential limiting factors to achieving efficacious exposures. Investigations are currently underway to optimize this structure to generate next-generation lead candidates.
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